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Abstract: Urbanization is a significant challenge that catchments face around the world leading to difficulty in implementing stormwater-related engineering solutions. This 
study aimed at investigating the impact of land use/land cover change on hydraulic parameters of a rapidly urbanizing river basin, a case of the Jangwani basin in Dar es 
Salaam, Tanzania. In this study, the peak discharges were estimated using the SCS-Curve Number Method under the combination of ArcGIS and HEC HMS for three 
different years (1998, 2009, and 2018). The 100-year rainfall event recorded in 2011 was used to develop the meteorological model in HEC HMS. The steady flow analysis 
was accomplished using the HEC-RAS software package. To capture the effect of land use/land cover change as well as avoiding variability, the same rainfall dataset was 
applied for all the three study years. According to the modelling results in HEC RAS, the parameters such as top flow width, average velocity, hydraulic depth, conveyance, 
shear, stream power as well as the cumulative volume were observed to be increasing with time. 
 





Urbanization plays a significant role in the loss of 
vegetation and soils. The vegetation is important for 
holding down the soil, and it also protects the soil from 
being washed away during heavy rains. But, when the 
vegetation is removed, rainwater simply rushes to the 
lowest point within a catchment, where it accumulates and 
causes flooding [1]. The geneneral phenomenon makes 
runoff travel faster to reach streams and in greater 
quantities. In this case, flooding will occur sooner and in a 
more severe extent in comparison to the scenario when 
precipitation falls on the natural ground surface. Flood is a 
natural hazard resulting from water overflowing above the 
normal occurrence in which it submerges the normally dry 
land. Floods account for many deaths around the globe 
every year [2]. The arrogant nature of floods has not only 
been impacting the developing countries but also the 
developed countries are under significant pressure of 
flooding incidents [3-5]. The complex phenomenon of a 
flood event makes it very difficult to accurately predict [6], 
which in turn affects the planning of control measures. In 
recent years where the advancement of technology has 
been observed, there is no doubt that the use of resources 
developed through Geographical Information Systems 
(GIS) and Remote Sensing (RS) in conjunction with other 
resources gives a handful way of identifying, monitoring 
and assessment of natural disasters including floods [7], 
[8]. With being a global challenge, many engineering 
studies have been conducted to investigate different 
behavioral characteristics of floods [9-14].  
Land surface cover (extent of imperviousness) plays a 
significant role in the characteristics of stormwater runoff 
and flood events in general [15]. Increased impervious 
surface area is a consequence of urbanization, which has 
significant effects on the hydrological system of a 
catchment. The increase in impervious surface leads to 
shorter lag times between onset of precipitation and 
subsequently higher runoff peaks as well as the total 
volume of runoff in receiving stream exceeding the design 
capacity of the particular stream [16]. Previous studies 
have shown the general relationship between land surface 
cover and stormwater runoff generated [17, 18]. However, 
the degree at which land use/land cover change impacts 
individual hydraulic parameters of a catchment over time 
has not been widely captured. The present study focuses on 
investigating the response of hydraulic parameters in a 
river basin subjected to rapid urbanization. 
Moreover, a lack of observed data is one of the 
challenges during the flood mapping processes in 
ungauged catchments or basins, [19]. Modeling is a 
promising approach used in the estimation of design peak 
discharges for ungauged basins [20, 21]. However, there 
are still some challenges for the models to accurately 
represent the real physical situation [22]. The combination 
of Soil Conservation Service Curve Number (SCS-CN) 
method for land surface characterization, Hydrologic 
Modeling System (HEC-HMS) for hydrologic modeling as 
well as flow analysis using the USACE Hydrologic 
Engineering Center's River Analysis System (HEC RAS) 
is one of the useful approaches to help engineers in the 
flood inundation processes [23, 24].  
The SCS curve number method is regarded to be a 
simple, widely used and efficient method for the estimation 
of stormwater runoff from a rainfall event in a particular 
area, while HEC-HMS is hydrological software designed 
to simulate the complete hydrologic processes of a 
catchment. Moreover, HEC-RAS is a combined system of 
software with several components including a graphical 
user interface (GUI), hydraulic analysis components, data 
storage and management capabilities, graphics, and 
reporting facilities [25].  
For many years now, Dar es Salaam is under the 
pressure of flooding incidents [26], and the Jangwani basin 
located within the Msimbazi is part of the rapidly 
urbanizing and flood-affected areas in the city. In 
December 2011, Dar es Salaam was hit with the worst 
flooding from an extreme event to be recorded since the 
1950s. According to the Tanzania Red Cross, the floods 
resulted in 41 fatalities, injured over 200 people, displaced 
10000 people, and affected an estimated 50000 people. 
2500 people were reported to be missing. Also, 680 
temporary shelters were constructed to accommodate the 
3400 of the displaced [27].  
In this study, the HEC-RAS software package is used 
for flood mapping and analysis for a case of the Jangwani 
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basin in Dar es salaam, Tanzania. The objective of this 
study is to investigate the response of the basin hydraulic 
parameters to the changing flow characteristics as induced 
by the rapid urbanization within the catchment. The 
question of the study is based on how land use/land cover 
has been affecting the hydraulic parameters in the basin. 
Nearest neighbor catchment approach was used for the 
hydrological model validation, as the study catchment is 
ungauged. Parameters such as total elevation of the energy 
grade line, average velocity of flow in the total cross-
section, conveyance of the total cross-section, stream 
power as well as shear stress are investigated. 
 
2 MATERIALS AND METHODS 
2.1 Case Study Description 
 
The Jangwani basin which is part of the Msimbazi 
catchment is located in Dar es Salaam, Tanzania, which is 
the most populated city in the country (Fig. 1). The basin 
is located between latitudes 6°27' and 7°15' south of the 
Equator and between longitudes 39° and 39°33' East of 
Greenwich. It is the most downstream sub-catchment of the 
Mzimbazi river with its origin in the Kisarawe hills 
(forests) and flows across the Dar es Salaam discharging 




Figure 1 Case study 
 
The basin is characterized by recurring flood events 
almost every rainy season, which is among the fastest-
growing and most rapidly urbanizing areas. Rapid 
urbanization in the city has also increased pressure in the 
basin as there are many development activities taking place 
within the catchment including the establishment of 
settlements. Generally, the city receives a mean annual 
rainfall of more than 1400 mm/year [29], with two wet 
seasons, short rains from November to January, and long 
rains from March to May. The period of January and 
February constitutes the short dry season with the long dry 
season lasting from late June to mid-October. 





2.2  Datasets 
 
This study used a Digital Elevation Model (DEM) 
obtained from the official website of the United States 
Geological Survey with 30 m by 30 m resolution and then 
clipped to the extent of the case study using a prepared 
shapefile of the catchment in ArcGIS 10.5 for the 
development of the Triangular Irregular Network (TIN) in 
HEC RAS. A 100-year rainfall event recorded by the 
Tanzania Metrological Agency (TMA) in 2011 was used 
for flow computations. The peak discharges estimated 
using the SCS Curve Number method in ArcGIS and HEC 
HMS for study years 1998, 2009, and 2018 were used in 
HEC RAS for steady flow analysis. The results were then 
validated by the polygons and points of the known 
locations which are highly impacted by flood events 




Because the catchment is ungauged, modeling of the 
peak discharges was necessary. The input datasets to the 
HEC HMS model were processed in the ArcGIS 10.5 
software package. The quantified peak discharges for the 
three study years were then used for steady flow analysis 
in HEC RAS. 
 
2.3.1 Stormwater Runoff Modeling 
 
In ArcGIS, DEM was used to delineate the catchment 
as well as extracting the physical characteristics of the 
streams. The Basin Characteristics tool of HEC-GeoHMS 
was used to extract river length, river slope, basin slope, 
longest flow path, basin centroid, basin centroid elevation 
as well as the centroidal longest flow path. 
For the utilization of the SCS-CN method, several 
procedures were executed in ArcGIS, which includes: 
processing of Landsat images, soil data processing, 
merging of classified land uses with soil data as well as 
creating CN Lookup table. The CN value can be estimated 
by using the SCS equation for the potential maximum 








                                                                   (1) 
 
where S is the maximum retention capacity of the soil, mm 
[30]. 
In this study, the CN Lag Method function was used to 
compute basin lag in hours in which is the weighted time 
of concentration or time computed from the center of mass 
of excess rainfall hyetograph to the peak of storm runoff 
hydrograph. The datasets from ArcGIS were exported to 
HEC HMS where a Meteorological Model was created 
based on the daily rainfall data collected from the Tanzania 
Meteorological Agency (TMA). The 100-year extreme 
event recorded in December 2011 was selected and used 
for the development of the Meteorological model in HEC 
HMS. 
The SCS derived the following equation to calculate Q 
(2). 
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where Q is runoff depth, mm; P is daily rainfall, mm.  
However, as can be seen in Eq. (2), its application 
requires the maximum retention capacity (S) to be 
estimated. The S is a function of the CN and its 
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After estimating Q, the Qr of a rainfall event is also 
estimated as the product of the Q and the target land surface 
area on which the rainfall occurred. The calculation of Qr 
from Q and the target land surface area is summarized in 
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Nearby catchment was used to validate the model 
coupled with the daily rainfall data from December 2011 
extreme event. The model was calibrated using different 
approaches to determine the most appropriate method for 
the representation of the study catchment. Apart from 
having a piece of knowledge about the study catchment, 
the simulated flows were also investigated statistically. 
 
2.3.2 HEC RAS Flow Analysis 
 
With the help of the HEC RAS software package, the 
flood mapping was accomplished. Currently, with the 
release of HEC RAS 5.0.4; the HEC RAS Mapper 
embedded in HEC RAS removes the necessity of the HEC 
GeoRAS tool. The procedures in HEC RAS started with 
data pre-processing by specifying the coordinate system, 
adding terrain data as well as creating new geometry. The 
clipped DEM to the catchment size was then converted to 
a triangulated irregular network (TIN) elevation model, 
followed by creating the river geometry in RAS Mapper. 
The process followed by the development of river 
attributes (river centerline, river banks, river flow paths, 
river cross-sections (Fig. 2)), and error checking.  
 
 
Figure 2 Geometric data 
The other procedures were setting roughness 
coefficients for all the cross-sections. The cross-section 
profiles should be drawn perpendicular to the direction of 
river flow, where the calculation of the water level in a 
given profile relies on the water level computed in the 
previous profile. As an advancement to the 1D modeling, 
the 2D model is designed to work with both steady and 
unsteady flow conditions. In this study, the 1D modeling 
was achieved through steady-state flow conditions as well 
as the downstream boundary condition of normal depth 
(slope) set to 0,006 obtained from the basin elevation 
profile.  
From each cross-section, the water surface extent 
points are then linearly joined producing the inundation 
extent. Finally, the model was executed with steady and 
unsteady analyses, and the results were visualized. 
Generally, each cross-section in the HEC‑RAS model 
is defined by several attributes including river, reach, as 
well as river station. The cross-section geometry is 
obtained by defining the station and elevation (X‑Y data) 
from left to right, as well as from upstream to downstream 
direction. Despite the fact that cross-sections can be 
extracted from a TIN some little adjustments may be 
needed as TIN does not always define the channel with 
enough resolution to accurately demarcate a cross-section 
through the channel. In each cross-section, the locations of 
the stream banks are identified and used to divide the 
stream into segments of the left floodway, main channel, 
and right floodway. 
HEC-RAS subdivides the cross-sections in this 
manner, because of differences in hydraulic parameters. 
For example, the wetted perimeter in the floodway is much 
higher than in the main channel. Thus, friction forces 
between the water and channel bed have a greater influence 
to flow resistance in the floodway, leading to lower values 
of the Manning coefficient. As a result, the flow velocity 
and conveyance are substantially higher in the main 
channel than in the floodway. 
Fig. 3 presents the general summary of the workflow 
from the primary datasets to the steady flow analysis in 
HEC RAS. A combination of three main software packages 
(ArcGIS, HEC HMS, and HEC RAS) was used to 
accomplish this study, with the steady flow analysis in 
HEC RAS being the main target of the study. 
 
 
Figure 3 General flowchart 
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3 RESULTS AND DISCUSSION 
 
To capture the effect of land use/land cover change on 
the hydraulic parameters of the study basin, the extent to 
which the land surface has been changing was investigated. 
The land use/land cover classes were grouped into three 
main classes, namely: water bodies, forests, developed 
high intensity, developed medium intensity as well as 
developed low intensity.  
 
Table 1 Land use/land cover classes from 1998 to 2018 
Type of land use 
Land use coverage / % 
Year 1998 Year 2009 Year 2018 
Water bodies 0,13 0,26 0,44 
Forest 8,42 14,69 1,86 
Developed, high intensity 3,82 13,42 19,77 
Developed, medium intensity 25.97 50.49 61.12 
Developed, low intensity 61.67 21.13 16.82 
Total 100.00 100.00 100.00 
 
From Tab. 1, it can be observed that while the coverage 
of low-intensity development is decreasing, the coverage 
of high-intensity development is increasing. From 1998 to 
2018 the catchment has observed an increase of 15,95% of 
high-intensity development with a decrease of 44,85% of 
low-intensity development coverage. The increase in high-
intensity development can be associated with the 
development activities in the catchment including the 
increasing land demand for settlements, roads, industries 
as well as business centers [32]. 
Following the hydrologic modeling in HEC HMS that 
resulted in estimated peak discharges of 355,7 m3/s from 
1998 datasets, 402,7 m3/s from 2009 datasets as well as 
437,8 m3/s from 2018 datasets, the steady flow analysis in 
HEC RAS was accomplished. The increase of peak 
discharges from 1998 to 2018 is approximately 23,08%. 
The performed steady flow analysis was able to produce 
water surface profiles as well as the extents of each flood 
plain in the study basin. In this study, several input 
parameters for hydraulic analysis of the stream channel 
geometry and water flow were used. From the input 
parameters, a series of cross-sections were developed 
along the stream in the study basin. Following the steady 
flow analysis with three different plans differentiated with 
flow discharges from 1998, 2009 and 2018 datasets, the 1D 
HEC RAS model (flood mapping) was successfully 
developed.  Fig. 4, represents the selected and extracted 
cross-sections from three different reaches covered in this 
study. Despite the challenge with the TIN resolution, the 




Figure 4 Extracted cross-sections from 2018 plan 
 
From Tabs. 2 to 4, it can be observed that the 
conveyance of the total cross-section increased with the 
increase in the total flow. Also, the average velocity of flow 
in the total cross-section increased from 1998 to 2018 as a 
result of the change in land use characteristics that in turn 
affects the quantity of stormwater runoff generated. The 
23,08% increase in the peak flow discharge from 1998 to 
2018 led to the following results: 
 From river 1: reach 1-upper; 2,28% increase in the 
total elevation of the energy grade line, 13,56% 
increase in average velocity of flow in the total cross-
section as well as 11,73% increase in the conveyance 
of the total cross-section.  
 From river 1: reach 1-lower; 2,62% increase in the 
total elevation of the energy grade line, 14,71% 
increase in average velocity of flow in the total cross-
section as well as 7,76% increase in the conveyance of 
the total cross-section.  
 From river 2: reach 2; 2,9% increase in the total 
elevation of the energy grade line, 10 % increase in the 
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average velocity of flow in the total cross-section as 
well as 13,5% increase in the conveyance of the total 
cross-section. 
The phenomenon can be highly linked to the fact that, 
in urban areas, where there is an increase in land, surface 
is covered by roads and buildings, they have less capacity 
to store stormwater. Development activities often involve 
removing vegetation, soil, and depressions from the land 
surface. The permeable soil is replaced by impermeable 
surfaces such as roads, roofs, parking lots, and sidewalks 
that store little water, reduce infiltration of water into the 
ground, and accelerate runoff to ditches and streams [33]. 
 
Table 2 Cross-sections hydraulic outputs for 1998 plan 
Element 
Plan: 100-year 1998 
R1 : R1: Upper R1 : R1: Lower R2 : R2 
E. G. Elev / m 12,71 7,25 7,27 
W. S. Elev / m 12,69 7,24 7,27 
E. G. Slope / m/m 0,000072 0,000023 0,000015 
Q Total / m3/s 355,7 355,7 355,7 
Top Width / m 165,68 275,21 739,05 
Vel Total / m/s 0,59 0,34 0,2 
Max Chl Dpth / m 6,16 6,24 5,36 
Conv. Total / m3/s 41838,1 74297,9 91854,8 
Min Ch El / m 6,53 1 1,91 
Alpha 1,01 1 1,04 
 
Table 3 Cross-sections hydraulic outputs for 2009 plan 
Element 
Plan: 100-year 2009 
R1 : R1: Upper R1 : R1: Lower R2 : R2 
E. G. Elev / m 12,88 7,37 7,4 
W. S. Elev / m 12,86 7,36 7,4 
E. G. Slope / m/m 0,000081 0,000027 0,000016 
Q Total / m3/s 402,7 402,7 402,7 
Top Width / m 167,76 277,29 743,31 
Vel Total / m/s 0,63 0,37 0,21 
Max Chl Dpth / m 6,33 6,36 5,49 
Conv. Total / m3/s 44670,2 77757,1 99240,9 
Min Ch El / m 6,53 1 1,91 
Alpha 1,02 1 1,04 
 
Table 4 Cross-sections hydraulic outputs for 2018 plan 
Element 
Plan: 100-year 2018 
R1 : R1: Upper R1 : R1: Lower R2 : R2 
E. G. Elev / m 13 7,44 7,48 
W. S. Elev / m 12,97 7,44 7,48 
E. G. Slope / m/m 0,000088 0,00003 0,000018 
Q Total / m3/s 437,8 437,8 437,8 
Top Width / m 169,25 278,66 746,12 
Vel Total / m/s 0,67 0,39 0,22 
Max Chl Dpth / m 6,44 6,44 5,57 
Conv. Total / m3/s 46747,6 80066,2 104255,2 
Min Ch El / m 6,53 1 1,91 
Alpha 1,02 1 1,04 
 
Where: E. G. Elev - the elevation of the energy grade line 
in the given profile, m; W. S. Elev - water surface 
elevation, m; E. G. Slope - slope of the energy grade line; 
Vel Total - average velocity of flow in the total cross-
section; Max Chl Dpth - maximum main channel depth, m; 
Conv. Total - conveyance of the total cross-section; Length 
Wtd - weighted cross-section reach length, based on flow 
distribution, in the left bank, channel, and right bank; Min 
Ch El - minimum channel elevation, m; the lowest bed 
elevation; Alpha - alpha energy weighting coefficient. 
From the modeling results, it can be observed that the 
area of flow for reach-1-upper, reach-1-lower as well as 
reach-2 has been increasing with time as a result of the 
change in land use/land cover (Tabs. 5 to 7). A similar 
phenomenon can be observed for all the other parameters 
such as top flow width, average velocity, hydraulic depth, 
conveyance, shear, stream power as well as the cumulative 
volume.  
 
Table 5 Computed flow parameters for river1-reach-1-upper 
Element 
River 1-reach 1-Upper 
Year1998 Year2009 Year2018 
Flow Area / m2 601,14 627,2 645,97 
Area / m2 601,14 627,2 645,97 
Flow / m3/s 354,64 401,28 436,08 
Top Width / m 158,03 159,4 160,39 
Avg. Vel. / m/s 0,59 0,64 0,68 
Hydr. Depth / m 3,8 3,93 4,03 
Conv. / m3/s 41714 44513,2 46564,1 
Wetted Per. / m 158,83 160,21 161,2 
Shear / N/m2 2,68 3,12 3,45 
Stream Power / N/mꞏs 1,58 2 2,33 
Cum Volume / 1000 m3 1224 1271,94 1305,65 
Cum SA / 1000 m2 211,65 215,41 217,87 
 
From the upper section of the first reach of the study 
basin, an increase of 7,46% of flow can be observed from 
1998 to 2018 (Tab. 5). Also, from the lower section of the 
first reach, an increase of 5,11% of the flow area was 
observed from 1998 to 2018. Moreover, an 8.18% increase 
was observed from the second reach of the study basin 
from 1998 to 2018, making the general average percent 
increase of flow area for the entire study basin be 6,92% 
from 1998 to 2018. With the fact that the basin is one of 
the low-lying areas and densely populated, even a small 
increase in flow area can be of significant threat [34]. 
Therefore, the observed increase in flow area can be highly 
linked to the elevating disastrous flooding events within the 
catchment. 
Also, an increase of 58,62% of stream power from 
1998 to 2018 was observed from reach-1-lower located 
downstream of the three reaches, 57,14% from reach-2 as 
well as 47,47% from reach-1-upper. With the increase in 
stream power, the studied reaches are prone to an 
increasing rate of soil erosion. According to [35], it was 
observed that stream power has a significant potential to 
erosion within a river reach.  
The minimum shear increase of 9,52% was observed 
from 2009 to 2018 from reach 2, with 28,73% being the 
maximum shear increase which was observed from the 
reach-1-upper from 1998 to 2018.  
 
Table 6 Computed flow parameters for river 1-reach-1-lower 
Element 
River 1-reach 1-Lower 
Year 1998 Year 2009 Year 2018 
Flow Area / m2 1060,03 1092,68 1114,24 
Area / m2 1060,03 1092,68 1114,24 
Flow / m3/s 355,7 402,7 437,8 
Top Width / m 275,21 277,29 278,66 
Avg. Vel. / m/s 0,34 0,37 0,39 
Hydr. Depth / m 3,85 3,94 4 
Conv. / m3/s 74297,9 77757,1 80066,2 
Wetted Per. / m 275,88 277,98 279,36 
Shear / N/m2 0,86 1,03 1,17 
Stream Power / N/mꞏs 0,29 0,38 0,46 
Cum Volume / 1000 m3 924,01 983,57 1023,05 
Cum SA / 1000 m2 703,65 728,9 736,89 
 
In general, the change in land use/land cover is 
observed to be affecting the stormwater runoff 
characteristics which in turn affect the flow regimes as well 
as the basin at large. In the literature, the Spatio-temporal 
variability of land use/land cover change within a 
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catchment is also observed to be one of the significant 
factors affecting flow regimes of a river [36]. 
 
Table 7 Computed flow parameters for river 2-reach-2 
Element 
River 2-reach 2 
Year 1998 Year 2009 Year 2018 
Flow Area / m2 1605,89 1684,83 1737,21 
Area / m2 1605,89 1684,83 1737,21 
Flow / m3/s 327,33 370,47 402,67 
Top Width / m 641,6 644,44 646,32 
Avg. Vel. / m/s 0,2 0,22 0,23 
Hydr. Depth / m 2,5 2,61 2,69 
Conv. / m3/s 84528,8 91297,2 95890,2 
Wetted Per. / m 642,21 645,06 646,94 
Shear / N/m2 0,37 0,42 0,46 
Stream Power / N/mꞏs 0,07 0,09 0,11 
Cum Volume / 1000 m3 1122,02 1171,69 1204,79 
Cum SA / 1000 m2 292,96 296,74 299,69 
 
Where: Hydr. Depth - hydraulic depth for cross-section 
(area/top-width of active flow); Conv - conveyance; Cum 




Figure 5 General profile plot (distance vs velocity) 
 
From Fig. 5 it can be observed that the flow velocity 
in the basin decreases towards the downstream which is 




The potential effect of the land use/land cover change 
on hydraulic parameters of a rapidly urbanizing and 
ungauged river basin has been investigated. GIS-based 
techniques were used to investigate the trend of land 
use/land cover change within the study basin. The SCS-
Curve number approach was used for storm water runoff 
modelling and computation of peak discharges in HEC 
HMS, which were then used for hydraulic modelling in 
HEC RAS. From the land use/land cover analysis, the 
study observed one of 15,95% of high-intensity developed 
areas with a decrease of 44,85% of low-intensity developed 
areas. The increase in high-intensity developed areas has a 
significant contribution to the increase in impervious 
surfaces affecting the behaviour and characteristics of the 
generated runoff. As a result of the change in land use/land 
cover, the study basin observed an increase of 23,08% of 
peak discharge from 1998 to 2018. 
The modelling results in HEC RAS revealed potential 
changes in hydraulic parameters within the study 
catchment where most of the parameters such as top flow 
width, average velocity, hydraulic depth, conveyance, 
shear, stream power as well as the cumulative volume were 
observed to be increasing with time. For example, the 
increase in the total elevation of the energy grade line was 
observed to be ranging from 2,28 to 2,9% from 1998 to 
2018. The velocity of flow in the total cross-section ranged 
from 10 to 14,71% while the conveyance of the total cross-
section ranged from 7,76 to 13,5%. 
The results derived from this study, provide a piece of 
useful information through awareness of the potential 
relationship between the changes in a land surface cover 
that in turn affect the flow characteristics in a catchment or 
basin. Also, this information can be useful for proper basin 
management planning. However, this study used the 
Jangwani basin, which is a sub-catchment of the Msimbazi 
River, but it would be interesting for future studies to focus 
on understanding how the entire catchment responds to the 
rapid urbanization as well as how each sub-catchment 
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